The GH receptor (GHR) is expressed on macrophages. However, the precise role of GH in regulation of macrophage function is unclear. We hypothesized that soluble factors including cytokines produced by macrophages in a GH-dependent manner regulate adipogenesis. We confirmed expression and functional integrity of the GHR in the J774A.1 macrophage cells. Conditioned medium (CM) from macrophages inhibited adipogenesis in a 3T3-L1 adipogenesis assay. CM from GHtreated macrophages decreased the inhibitory effect of CM from macrophages on adipogenesis. This effect on preadipocyte differentiation was active only during the first (early) phase of adipocyte differentiation. CM from stromal vascular compartment macrophages of mice with macrophage-specific deletion of the GHR exhibited more inhibitory effect on 3T3-L1 preadipocyte differentiation compared with CM from stromal vascular compartment macrophages of control mice, indicating that intact GH action in primary macrophages also increases preadipocyte differentiation. GH did not increase IGF-1 expression in macrophages. PCR array analysis identified IL-1␤ as a candidate cytokine whose expression was altered by GH in macrophages. Levels of IL-1␤ mRNA and protein were significantly decreased in GH-treated J774A.1 macrophages. Nuclear factor-B stimulates IL-1␤ gene expression, and GH induced a significant decrease in the levels of phosphorylated nuclear factor-B in macrophages. IL-1␤ is a known inhibitor of adipogenesis, and these results support GH-dependent down-regulation of macrophage IL-1␤ expression as one mechanism for the observed increase in adipogenesis with CM from GH-treated macrophages. We conclude that GH decreases secretion of IL-1␤ by the macrophage and thus in a paracrine manner increases adipocyte differentiation. These results provide a novel mechanism for GH's actions in the control of adipogenesis. (Endocrinology 151: 0000 -0000, 2010) P ituitary GH is essential for postnatal growth in mammals. In addition to growth, GH affects the metabolism of fat, protein, and carbohydrate (1). At the tissue level, these pleiotropic actions of GH result from the interaction of GH with a specific cell surface receptor, the GH receptor (GHR). The GHR is expressed on monocytes and macrophages, and previous studies have demonstrated GH-dependent effects on macrophage function. For example, GH has been demonstrated to increase the proliferation and alter the morphology of RAW 264.7 macrophages (2). GH primes human phagocytes for enhanced production of reactive oxygen intermediates and hydrogen peroxide (3, 4). Mouse peritoneal macrophages and the J774A.1 macrophage cell line respond to GH with a dose-dependent stimulation of cellular uptake and degradation of low-density lipoprotein and enhanced rate of cholesterol esterification (5). GH has also been shown to stimulate the degradation of calcium phosphate biomate-
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ituitary GH is essential for postnatal growth in mammals. In addition to growth, GH affects the metabolism of fat, protein, and carbohydrate (1) . At the tissue level, these pleiotropic actions of GH result from the interaction of GH with a specific cell surface receptor, the GH receptor (GHR). The GHR is expressed on monocytes and macrophages, and previous studies have demonstrated GH-dependent effects on macrophage function. For example, GH has been demonstrated to increase the proliferation and alter the morphology of RAW 264.7 macrophages (2). GH primes human phagocytes for enhanced production of reactive oxygen intermediates and hydrogen peroxide (3, 4) . Mouse peritoneal macrophages and the J774A.1 macrophage cell line respond to GH with a dose-dependent stimulation of cellular uptake and degradation of low-density lipoprotein and enhanced rate of cholesterol esterification (5) . GH has also been shown to stimulate the degradation of calcium phosphate biomate-rials by human monocyte-macrophages (6) . Mononuclear leukocytes and monocytes also synthesize GH, suggesting that in addition to endocrine action of circulating GH, GH synthesized by leukocytes and monocytes can also act in an autocrine/paracrine manner on these cells (7, 8) .
Obesity is characterized by infiltration, accumulation, and activation of macrophages in adipose tissue (9 -11) . Abnormal production of inflammatory cytokines by macrophages and other cells in adipose tissue is implicated in the pathogenesis of metabolic abnormalities associated with obesity (12) . Adipogenesis is impaired in obese individuals, and previous studies have demonstrated that conditioned medium from macrophages inhibits differentiation of preadipocytes, thus compromising the ability of the adipose tissue to function as a fatty acid reservoir (13) (14) (15) (16) . This diminished capacity of the adipose tissue to store fatty acids necessitates redistribution of fatty acids to tissues such as liver and muscle and results in insulin resistance and related sequelae of obesity (17) (18) (19) .
GH promotes accretion of lean tissue, reduction in fat mass, and induction of lipolysis (1, 20) . In both animal models and humans, deficiency of GH or disruption of the GH-GHR axis is characterized by decreased lean body mass and increased adiposity (21) . It is also well established that obese individuals have lower levels of circulating GH, which amplifies the deleterious metabolic effects of obesity (22) . Conversely, states of GH excess such as acromegaly are associated with decreased fat mass (1) . Traditionally these actions of GH are believed to be mediated through activation of GHRs on the adipocyte, which results in increased lipolytic activity via catecholamine-induced lipolysis secondary to up-regulation of ␤-adrenergic receptors and decreased accumulation of triglyceride in the adipocyte via inhibition of lipoprotein lipase activity (21, 23) .
Whereas it is known that GHRs are expressed on macrophages, the role of GH action on the macrophage in the pathogenesis of obesity is unknown. We hypothesized that in addition to direct effects on adipocytes, activation of GHRs on macrophage results in alteration of the cytokine profile of macrophages by which paracrine modulation of differentiation and functioning of adipocytes occurs. We report here that GH decreases secretion of IL-1␤ by the macrophage and thereby increases differentiation of preadipocyte to adipocyte.
Materials and Methods

Materials
DMEM, penicillin/streptomycin/amphotericin B mixture, and Trizol reagent were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS), heat-inactivated FBS, and calf serum was purchased from Atlanta Biologicals (Lawrenceville, GA). Dexamethasone, 1-methyl-3-isobutylxanthine, and insulin were obtained from Sigma-Aldrich (St. Louis, MO). Antibodies for phospho-Janus kinase 2 (JAK2) (used in 1:500 dilution), JAK2 (used in 1:1000 dilution), ERK (used in 1:1000 dilution), MAPK (used in 1:1000 dilution), and phospho-p65 (S536) nuclear factor-B (NF-B; used in 1:1000 dilution) were purchased from Cell Signaling Technology (Danvers, MA), and anti-IL-1␤ (used in 1:1000 dilution) antibody was procured from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-GHR antibody, AL-47 (24, 25) , was used in 1:1000 dilution for Western blot analyses. Ovine GH was obtained from National Hormone and Pituitary Program (Torrance, CA).
Culture of murine 3T3-L1 preadipocytes and J774A.1 macrophages 3T3-L1 (American Type Culture Collection, Manassas, VA) murine preadipocytes (14 -18 passages) were cultured at 37 C under 10% CO 2 in DMEM with high glucose (Life Technologies, Inc., Carlsbad, CA) supplemented with 10% calf serum and antibiotics (100 mg/ml penicillin and 0.1 mg/ml streptomycin). J774A.1 murine macrophages (American Type Culture Collection) cells were cultured at 37 C under 5% CO 2 in DMEM supplemented with 10% heat-inactivated FBS and antibiotics.
Preparation of conditioned media
J774A.1 macrophages were starved overnight in serum-free DMEM supplemented with 1% BSA and treated with or without GH (500 ng/ml) for 8 h. Subsequently these macrophages were thoroughly washed with DMEM media to remove traces of GH and then cultured in fresh serum-free DMEM medium, which was collected 24 h later (conditioned medium). The conditioned media from GH-treated (GH-CM-Mac) and untreated (CMMac) macrophages were centrifuged at 1000 ϫ g for 5 min to remove cell debris and the supernatants stored at Ϫ20 C. Conditioned media from stromal vascular compartment (SVC) fraction of adipose tissue was prepared 2 d after cell isolation when fresh culture media were added to the cells and conditioned media harvested 24 h later.
Differentiation of 3T3-L1 preadipocytes
Cells were cultured on six-or 12-well plates and allowed to proceed to confluence. Differentiation was initiated 2 d after the cells reached confluency by treating the cells with induction cocktail containing 1 M dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 1 g/ml insulin in DMEM with 10% FBS in the presence of conditioned medium or normal culture medium. The differentiation cocktail was removed after 2 d, and the cells were cultured in DMEM with 10% FBS and 1 g/ml insulin. The medium was changed every 2 d and on d 8, the cells were fixed with 10% formalin and stained with 0.3% Oil Red O. In certain instances the fat content was quantified by eluting Oil Red O with isopropanol and measuring the OD at 492 nm.
Western blot analysis
Macrophage cells (J774A.1) were treated with or without GH and harvested at indicated time points. Cells were washed twice with cold PBS, lysed in radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 2 mM EGTA; 0.1% Triton X-100; and 0.1 mM NaOV 4 ). Equal amounts of solubilized protein were resolved on SDS-PAGE and transferred onto nitrocellulose membrane. Nonspecific binding sites were blocked with 5% skim milk powder and incubated with indicated primary antibodies. Blots were developed with chemiluminescence (ECL Plus; GE Healthcare, Piscataway, NJ) after incubation with appropriate horseradish peroxidase-conjugated secondary antibodies.
PCR array
Macrophage cells (J774A.1) were treated with or without GH and harvested after 24 h of treatment. Total RNA was isolated using Trizol reagent and then repurified using a column (RNeasy minikit; QIAGEN, Valencia, CA) according to the manufacture's protocol. In-column deoxyribonuclease digestion was performed for each samples to remove genomic DNA. Equal amount of RNA from each sample was subjected to first-strand cDNA synthesis using ReactionReady kit (Super Array Bioscience Corp., Frederick, MD). PCR array analysis was performed using RT 2 profiler PCR array (mouse chemokines and receptors, no. PAMM-022) on the 7000 Prism using RT 2 realtime SYBR Green PCR master mix (Applied Biosystems, Foster City, CA). The total volume of the PCR was 25 l. The thermocycler parameters were 95 C for 10 min, followed by 40 cycles of 95 C for 15 sec and 60 C for 1 min.
Real-time quantitative PCR assay
Total RNA was isolated and purified as described above and quantitative PCR was performed using either QuantiTect SYBR Green RT-PCR kit (QIAGEN; no. 204243) or TaqMan kit (Applied Biosystems) as indicated. The RT-PCRs were repeated in triplicate for each sample using Applied Biosystems 7000 Prism detection system. Primers for the SYBR Green RT-PCR assay, designed using Primer Express 2.0 software, were as follows: PPAR␥ forward, 5Ј-TCACAACAGCTGACCCAATGG-3Ј, reverse, 5Ј-GCAGGTGCTAC TTTGATCGCACTT-3Ј; aP2 forward, 5Ј-GGAAAGTCGACCACAATAAAGAGAA-3Ј, reverse, 5Ј-TGTGGAAGTCACGCCTTTCAT-3Ј; adiponectin forward, 5Ј-GGCCGTGATGGCAGAGAT-3Ј, reverse, 5Ј-GTCTCACCCTTAGGACCAAGAA-3Ј; and IL-1␤ forward, 5Ј-GGACCCATATGAGCTGAAAGC-3Ј, reverse, 5Ј-TCGTT-GCTTGGTTCTCCTTGT-3Ј. The TaqMan methodology was used to measure the L2 transcript of the GHR gene as previously described (26) . mRNA expression of each gene was normalized using the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping gene, and data were compared between GH-treated and untreated macrophages according to the 2 Ϫ⌬⌬Ct method (27) .
Targeted deletion of GHR in macrophage/monocyte
The generation of the homozygous GHR exon 4 floxed mice (Ghr fl/fl ) has been previously described (28) . EIIaCre mice were obtained from the Transgenic Core facility of University of Michigan. B6.129P2-Lyz2 tm1(cre)Ifo /J, which expresses Cre (Cyclization Recombination) recombinase from the endogenous Lyzs locus, was purchased from Jackson Laboratory (Bar Harbor, ME). In addition to the macrophage, the Cre recombinase from the endogenous Lyzs locus is expressed in cells from myeloid cell lineage, including monocytes, and granulocytes (29) . GHR null (Ghr ⌬/⌬ ) mice were produced by cross-breeding Ghr fl/fl with EIIaCre. Ghr fl/fl was crossed with the B6.129P2-Lyz2 tm1(cre)Ifo /J mice to obtain Ghr fl/fl;LysM-cre(ϩ/Ϫ) mice, which were then crossed with GHR null (Ghr ⌬/⌬ ) mice to generate Ghr ⌬/fl;LysM-cre(ϩ/Ϫ) (designated as GHRMacD) and Ghr ⌬/fl;LysM-cre(Ϫ/Ϫ) (designated as control) mice; genotyping was carried out by PCR analysis (28) . Animals were housed in a specific pathogen-free animal facility at the University of Michigan, and all experiments were approved by the University of Michigan Institutional Animal Care and Use Committee.
Isolation of primary macrophages
The SVC is a mixture of macrophage, dendritic, natural killer and endothelial cells (30) . Primary macrophages from SVCs of adipose tissue were isolated from GHRMacD and control mice at approximately 12 wk of age using standard techniques and protocols (31) . Briefly, abdominal fat pads were collected and minced. The tissues were incubated with 0.01 mg/ml Liberase Blendzyme 3 collagenase (Roche Diagnostics, Indianapolis, IN) for 30 -40 min and filtered through a 100-m nylon cell strainer. The strained cell mixtures were centrifuged at 1000 ϫ g for 10 min, and the pellets that contain SVCs were collected and treated with ACK lysis buffer (Lonza, Walkersville, MD) to remove erythrocytes. The SVCs were cultured in DMEM containing 10% heat-inactivated serum.
Statistical analysis
Data are presented as mean Ϯ SE unless otherwise indicated. Mann-Whitney U and Kruskal-Wallis nonparametric tests were performed to analyze statistical significance of the difference between the distributions of two or multiple independent samples, respectively, using SPSS software, version 11.5 for Windows (SPSS, Inc., Chicago, IL). P Յ 0.05 was considered significant.
Results
GH-dependent activation of signaling pathways in J774A.1 macrophage cells
Expression of GHR in J774A.1 was confirmed by TaqMan RT-PCR (Fig. 1A) and Western blot analysis (Fig.  1B) . To verify the functional integrity of GHR expressed in macrophages, J774A.1 cells were exposed to ovine GH and cells harvested at different time points (Fig. 1C) . The levels of specific proteins in the GH signaling pathway were quantified by Western blot analysis. These results revealed that stimulation of these cells with GH resulted in time-dependent increase in the levels of phospho-JAK2 and phospho-ERK, suggesting that canonical GHR signaling pathways are intact in these cells.
Factors released from GH-treated macrophages improve 3T3-L1 adipogenesis
Previous studies demonstrated that conditioned medium from macrophage (cell line or primary cells) inhibits adipogenesis in 3T3-L1 cells and human abdominal preadipocytes (13-16). The inference from these studies is that secreted factors released by macrophages are responsible for the impairment of adipogenesis. To determine whether GH influences secretion of these factors by macrophage, 3T3-L1 preadipocytes were induced to differentiate in the presence of graded concentration (0 -100%) of conditioned medium from either unstimulated macrophages (CM-Mac; Fig. 2A, top row) or GHtreated macrophages (GH-CM-Mac; Fig. 2A , bottom row) and adipocyte differentiation measured by Oil Red O staining ( Fig. 2A) and quantification of fat content by eluting Oil Red O with isopropanol and measuring OD at 492 nm (Fig. 2B) .
In accordance with published reports (14) , conditioned medium from macrophage inhibited adipogenesis. However, 3T3-L1 preadipocytes exposed to conditioned medium from GH-treated macrophage exhibited improved adipogenesis. Peroxisome proliferator-activated receptor (PPAR)-␥ is a key adipogenic transcription factor whose expression is increased during differentiation of preadipocytes to adipocytes. Consistent with the results obtained from the adipogenesis assay, exposure of the preadipocytes to conditioned medium from GH-treated macrophage resulted in higher expression levels of PPAR␥ mRNA, compared with cells exposed to non-GH-treated conditioned medium (Fig. 2C) . Additionally the expression profile of two other markers of adipocyte differentiation, adipocyte P2 (aP2) and adiponectin, also exhibited similar changes. Differentiation of 3T3-L1 preadipocytes into adipocytes occurs in two phases, induction and after induction (32) . To determine whether the observed effect of conditioned media from GH-treated macrophages was dependent on the phase of adipogenesis, 3T3-L1 preadipocytes were exposed to the conditioned medium during either the induction (first day of initiation of differentiation; Fig. 3A ) or postinduction (third day after initiation of differentiation; Fig. 3B ) phase. These results revealed that the observed GH-dependent effect on adipogenesis required preadipocytes to be exposed to the conditioned medium during the induction phase of differentiation.
The above-described studies demonstrating the effect of GH on factors secreted by the macrophage into the conditioned medium were conducted with macrophage cell line J774A.1. We sought to confirm our results with primary bone marrow and SVC macrophages. In preliminary experiments we noticed that the inhibitory effect of conditioned medium from macrophages on predipocyte was observed only with SVC macrophages and not with bone-marrow derived macrophages (Fig. 4B) , and hence, further studies were performed only with SVC macrophages. Because bovine fetal and calf serum contain significant concentrations of GH and we were investigating GH-dependent effects, we were precluded from using cells grown in serum containing medium. Furthermore, we observed that the inhibitory effect of macrophage-conditioned medium was lost when SVC macrophages were cultured under serum-deprived conditions. The use of charcoal-stripped serum was also unsuccessful for similar reason. Because of these drawbacks and experimental constraints for using primary macrophages to assay for direct effects of GH on factors secreted by the macrophage, we created a mouse model (GHRMacD) with targeted deletion of the GHR in macrophages/monocytes. Quantitative RT-PCR analysis of GHRMacD mice confirmed that macrophage GHR mRNA expression was extinguished, with expression in liver remaining unchanged (Fig. 4A) . Using primary macrophages from this model, we observed a more pronounced in- 1 cells) of GHR expression. C, GH stimulates canonical GHR signaling pathways in macrophages. J774A.1 macrophages were starved overnight and then exposed to ovine GH (500 ng/ml) for the indicated time periods. Whole-cell protein extracts were prepared and equal amounts of protein size fractionated by SDS-PAGE. Immunoblotting was performed with anti-phospho-JAK2, -JAK2, -phospho-ERK antibody, or -total ERK antibody. Specific signals were visualized using the ECL system. The identity of the protein is indicated.
hibitory effect on the differentiation of 3T3-L1 preadipocytes with conditioned medium from SVC macrophages (CM-Mac-SVC) from GHRMacD mice compared with macrophage from control mice (Fig. 4B) . Hence, these studies with primary macrophages suggest that GH action in macrophage increases preadipocyte differentiation and are consistent with the results obtained using the J774A.1 macrophage cell line. 
GH does not influence IGF-I expression in J774A.1 macrophages GH is the principal endocrine regulator of IGF-I expression and IGF-I enhances adipogenesis in 3T3-L1 cells.
To investigate the possibility that the observed increase in adipogenesis by the GH-treated conditioned medium was due to increase in IGF-I levels in the conditioned medium, we used RT-PCR to measure the expression levels of IGF-I mRNA in both J774A.1 and primary macrophages stimulated with or without GH (Fig. 5) . In both these cell types, GH did not significantly stimulate the expression of IGF-I, indicating that the observed improvement on adipogenesis is not mediated by IGF-I.
Expression of IL-1␤ is down-regulated in cells treated with GH
Our results indicate that GH can alter the secretion of factor(s) from macrophages that increases adipocyte differentiation. We used PCR array technology to identify candidate genes that may be responsible for the observed effect of GH-treated conditioned medium on adipogenesis. These results revealed that exposure of J774A.1 macrophages to GH for 24 h resulted in alteration of expression of several factors with decreased expression of IL-1␤ being one of the changes so identified (Fig. 6A) . Because previous studies suggested that IL-1␤ inhibits adipogenesis (33), we chose to pursue this lead. Syber Green RT-PCR analysis of IL-1␤ mRNA expression confirmed the PCR array results (Fig. 6B) . Furthermore, Western blot analysis indicated that exposure of macrophages to GH resulted in decrease in Pro-IL-1␤ protein expression in these cells (Fig. 6C) .
IL-1␤ inhibits adipogenesis at a concentration of 5 pg/ml
ELISA indicated that the maximal concentration of secreted IL-1␤ in the conditioned medium from macrophages was less than 10 pg/ml (data not shown). To confirm that IL-1␤ exhibits antiadipogenic effects at these concentrations, 3T3-L1 cells were treated with IL-1␤ at various concentrations and adipogenesis monitored by Oil Red O staining. As shown in Fig. 6D , IL-1␤ could significantly inhibit adipogenesis at concentration of 5 pg/ ml, thereby supporting GH-dependent down-regulation of macrophage IL-1␤ expression as a mechanism for the observed increase in adipogenesis with GH-treated conditioned medium.
GH attenuates NF-B phosphorylation
The transcription factor NF-B regulates the expression of several genes including proinflammatory cytokines, proteins of innate immunity, and acute-phase reactants such as IL-1, IL-2, TNF-␣, and IL-12 (34, 35) . To investigate whether GH's effect of inhibiting IL-1␤ secretion by macrophage was mediated by NF-B, we measured the abundance of phosphorylated NF-B in macrophages stimulated with GH. These results revealed that GH induced a significant decrease in the levels of phosphorylated NF-B in macrophages (Fig. 7) . This effect was GH's effects on macrophage are IGF-I independent. Total RNA was isolated from either J774A.1 or primary murine macrophages (from adipose tissue SVC) exposed to GH (500 ng/ml for 24 h). IGF-I mRNA abundance was measured by Syber Green RT-PCR analysis. Expression of the housekeeping gene GAPDH was used as an internal control to normalize results. The results (n ϭ 3-5) are depicted as mean Ϯ SEM. The amounts of the transcript are depicted relative to the expression in cells not exposed to GH. NS, Not significant.
time dependent because the change in levels of phosphorylated NF-B was observed only after 8 h of exposure to GH; the levels of phosphorylated NF-B were unchanged at 15 min, 30 min, 1 h, and 6 h after exposure to GH (data not shown and Fig. 7 ).
Discussion
The current investigation reveals a novel mechanism for GH action on adipocyte differentiation. Our results establish that direct GH action on the macrophage results in alteration in the cytokine profile of the macrophage and consequent paracrine modulation of adipocyte differentiation (Fig. 8) . We demonstrate improved differentiation of 3T3-L1 preadipocytes in the presence of conditioned medium from GH-treated macrophages compared with 3T3-L1 cells treated with conditioned medium from macrophages exposed to vehicle only. Furthermore, in primary macrophages, absence of the GHR accentuated the inhibitory effect of macrophage conditioned medium on the differentiation of 3T3-L1 preadipocytes. Our results implicate GH-dependent decrease in expression and secretion of IL-1␤ by the macrophage as a mechanism responsible for this effect of GH on adipocyte differentiation. NF-B is one of the principal regulators of IL-1␤ synthesis, and activation of NF-B stimulates IL-1␤ synthesis. Our results reveal GH-dependent inhibition of NF-B activation in the macrophage and thus provide a molecular basis for GH-dependent decrease in expression of IL-1␤ in the macrophage. The current studies delineate a novel biological effect of GH action on macrophage by demonstrating that GH alters factors secreted by the macrophage to increase differentiation of 3T3-L1 preadipocytes. It is well established that in invertebrates, nonmammalian vertebrates, and humans, macrophages and cells of the macrophage lineage synthesize GH and express GHRs, thus making these cells targets for autocrine, paracrine, and endocrine actions of Treated   FIG. 6 . GH-dependent decrease in IL-1␤ expression and secretion in macrophages. A, J774A.1 macrophages were stimulated with either vehicle or GH (500 ng/ml) for 24 h and total RNA extracted and subjected to analysis by SuperArray. A three-dimensional representation of the average changes (positive and negative) for two independent experiments is depicted. The bar representing IL-1␤ is indicated by an arrow. B, Total RNA was isolated from J774A.1 stimulated with either vehicle or GH (500 ng/ml) for 24 h, and IL-1␤ mRNA abundance was measured by Syber Green RT-PCR analysis. Expression of the housekeeping gene GAPDH was used as an internal control to normalize results. The results (n ϭ 3) are depicted as mean Ϯ SEM. The amounts of the transcript are depicted relative to the expression in cells not exposed to GH. C, GH-dependent decrease in IL-1␤ expression in J774A.1 cells. J774A.1 cells were stimulated with either vehicle or GH (500 ng/ml) for 24 h, and the whole-cell lysates were size fractionated by SDS-PAGE. Immunoblotting was performed with anti-IL-1␤ or tubulin antibody. Specific signals were visualized using the enhanced chemiluminescence (ECL) system. The identity of the protein is indicated. D, IL-1␤ can inhibit adipogenesis at low concentrations. Adipogenesis assay were performed in 3T3-L1 cells treated with IL-1␤ at 0, 1, and 5 pg/ml concentration. Differentiation of preadipocytes was determined by Oil Red O staining 8 d after differentiation.
Control GH
GH (7, 8) . Conditioned medium from macrophage inhibits the differentiation of 3T3-L1 and human abdominal preadipocytes (14, 16) by restricting clonal expansion during the induction phase of preadipocyte differentiation (36) . Our results indicate that GH's effect on the ability of the conditioned medium from the macrophage to alter preadipocyte differentiation is present only during the induction phase, thus suggesting that GH's action on the macrophage derepresses clonal expansion during this induction phase. Our studies demonstrate effect of GH on both macrophage cell lines and SVC primary macrophages. However, SVC also includes a number of other cell types such as multipotent mesenchymal stromal, endothelial, and immune cells. Prior reports demonstrated that cells of the immune system are also targets for GH action (3, 4, (37) (38) (39) (40) , and recent reports highlighted the role of immune cells in modulation of the inflammatory response in adipose tissue (41) . Hence, we cannot exclude the possibility that some of the effects of GH on SVC primary macrophages observed in our study could be due to GH action on nonmacrophage cells present in SVC.
The ability of conditioned medium from macrophage to inhibit differentiation of 3T3-L1 cells implicates factor(s) secreted by the macrophage for this effect on adipogenesis (14, 16) . Whereas many of the biological actions of GH are mediated via generation of IGF-I, we established that in our model system GH does not significantly increase IGF-I expression in the macrophage, thus negating the possibility that IGF-I could be responsible for the observed effect of GH on preadipocyte differentiation. It is well known that GH has direct effects on the preadipocyte (42) (43) (44) . Hence, there was a possibility that the observed effects of the GH-treated conditioned medium could be attributable to trace amount of GH remaining in the conditioned medium despite twice washing of the cells before harvesting the conditioned medium. We excluded this possibility by demonstrating that conditioned medium from GH-treated macrophage preincubated with anti-GH antibody to neutralize residual GH failed to block the improved adipogenesis observed in 3T3-L1 preadipocytes (data not shown).
We used PCR array technology to search for candidate factors secreted by the macrophage that could be responsible for the observed GH-dependent increase in adipocyte differentiation. Our results indicate that GH altered the expression of many proteins in the macrophage. Among those proteins whose expression was decreased in a GHdependent manner, IL-1␤ is known to inhibit adipocyte differentiation (45) , and hence, our findings implicate decreased IL-1␤ secretion by the macrophage as a mechanism for the observed GH-dependent increase in adipocyte differentiation. In support of this conclusion, we verified that IL-1␤ in concentrations as low as 5 pg/ml inhibits differentiation of 3T3-L1 preadipocytes to adipocytes (Fig. 6D) . It is noteworthy that the PCR array analysis identified several macrophage proteins whose expression was altered in a GH-dependent manner (Fig. 6A) . Hence, the current report does not exclude roles for factors other than IL-1␤ in mediating GH's effect on adipogenesis, and further studies will have to investigate the significance of these other candidate factors identified in the PCR array analysis.
IL-1␤ is a proinflammatory cytokine produced by activated macrophages and monocytes. Unlike classical secretory proteins, IL-1␤, which lacks a secretory signal sequence, is secreted via a leaderless pathway (46) . IL-1␤ is secreted via a two-step process. In the first step, microbial products such as pathogen-associated molecular pattern molecules induce gene expression and accumulation of the precursor protein pro-IL-1␤. In the second step, stimuli such as extracellular ATP or pathogenic dusts (asbestos or   FIG. 7 . GH attenuates phosphorylation of NF-B. Top panel, J774A.1 macrophages were starved overnight and then exposed to ovine GH (500 ng/ml) for the indicated time periods. Whole-cell protein extracts were prepared and equal amounts of protein size fractionated by SDS-PAGE. Immunoblotting was performed with anti-phospho-p65 NF-B (Ser 536) and total NF-B antibodies. To verify equivalence of sample loading, the abundance of tubulin was also measured by Western blot analysis. Specific signals were visualized using the enhanced chemiluminescence (ECL) system. The identity and molecular weights of the proteins are indicated. Bottom panel, Densitometric measurements (mean Ϯ SEM; n ϭ 4) are depicted. *, P Ͻ 0.001 compared with 0 h value, which was assigned a value of 1.
FIG. 8.
Model for direct and indirect role of GH in adipogenesis. GH can act directly on the preadipocyte to influence adipogenesis. The studies in the current report also indicate a novel indirect mode of GH action on the preadipocyte wherein GH acts on the adipose tissue macrophage to decrease IL-1␤ secretion by the macrophage. IL-1␤ is a known inhibitor of adipogenesis, and thus, GH's action on the macrophage serves to enhance adipogenesis. silica) trigger assembly of the multiprotein complex inflammasome with sequential activation of IL-1␤-converting enzyme/caspase-1, cleavage of pro-IL-1␤, and secretion of mature IL-1␤ (47) . Recently much interest has been focused on the role of redox system in IL-1␤ secretion (48) . It is noteworthy that GH can increase production of reactive oxygen intermediates and hydrogen peroxide in macrophages (3, 4) . However, at the present time, the precise relationship between GH's effect on production of reactive oxygen intermediates and the observed effect on IL-1␤ secretion from macrophages is unclear. Previous studies with bovine thymic stromal cells (49) or peritoneal macrophages (50, 51) reported that GH up-regulates IL-1␤ expression. We also observed that GH can increase IL-1␤ expression if macrophages are prestimulated by lipopolysaccharide (data not published). Hence, the effect of GH on IL-1␤ expression may be determined by the cell type and functional state of the cell. One of the key factors regulating expression of the IL-1␤ gene is NF-B, and suppression of IL-1␤ using NF-B p65 antisense oligonucleotide inhibited 2,4,6-trinitrobenzene sulfonic acid-induced IL-1␤ expression (52) . We investigated the effect of GH on NF-B activation in J774A.1 macrophages to elucidate the mechanism for GH-dependent decrease in IL-1␤. Our results reveal a timedependent decrease in phosphorylation of NF-B, thus supporting a model wherein GH decreases IL-1␤ expression via inhibition of NF-B.
Obesity is considered to be a chronic inflammatory state (53, 54) . Recent studies highlighted the central role played by adipose-tissue macrophages in regulating the differentiation and function of the adipocyte (55) . The concentration of macrophage in adipose tissue is proportional to the size of the fat mass (31) . Inflammatory cytokines secreted from macrophage participate in the pathogenesis of the metabolic syndrome (56) . The central role of the macrophage in adipocyte development and function underscores the need to understand the role of various hormones and factors that alter macrophage function. Our studies indicate that GH's actions on the macrophage increases adipocyte differentiation and thus serves to protect against the deleterious metabolic effects of obesity. This novel action of GH sheds light on the biological significance of the observation that GH secretion is decreased in obesity (22) . Our results suggest that decreased GH secretion or action will increase the deleterious effects of obesity by decreasing the number of adipocytes and consequently restricting the capacity of the adipose tissue to store fatty acids, a scenario that is believed to result in the development of insulin resistance (18, 19, 57) . Our studies also provide a mechanistic explanation for the observation that the GH-deficient state in children is associated with a decrease in the number of adipocyte (21) .
In summary, this report describes a novel action of GH on adipocyte macrophage. Our results demonstrate that GH action on macrophage increases adipocyte differentiation. This action of GH is mediated via decreased secretion of IL-1␤ by the macrophage acting in paracrine manner on the adipocyte. Furthermore, our results indicate that GH-dependent inhibition of NF-B could play a role in the decreased secretion of IL-1␤ after GH stimulation of macrophage. We propose that GH's action on the macrophage plays a role in the control of adipogenesis.
